Introduction
============

Denosumab is a fully human monoclonal immunoglobulin G2 (IgG2) that binds to and neutralizes RANKL activity. By blocking RANKL, denosumab inhibits osteoclast formation, function, and survival, thereby decreasing bone resorption, increasing bone mass, and reducing risk of vertebral, nonvertebral, and hip fractures in postmenopausal women with osteoporosis (Bekker et al. [@b5]; McClung et al. [@b31]; Lewiecki et al. [@b29]; Bone et al. [@b6]; Miller et al. [@b32]; Brown et al. [@b7]; Cummings et al. [@b10]; Miller et al. [@b33]). At a subcutaneous (SC) dose of 60 mg every 6 months, denosumab is approved for use in patients at high risk of fracture due to osteoporosis (men and postmenopausal women), androgen deprivation therapy for nonmetastatic prostate cancer (men), or adjuvant aromatase inhibitor therapy for breast cancer (women) (Prolia® [@b41]). At a SC dose of 120 mg every 4 weeks, denosumab is approved for use in the prevention of skeletal-related events in patients with bone metastases from solid tumors, and for use in the treatment of adults and skeletally mature adolescents with giant cell tumor of bone that is unresectable or where surgical resection is likely to result in severe morbidity (XGEVA® [@b55]).

In the years preceding and coincident to the initial approval of denosumab in osteoporosis, potential interactions between therapeutic proteins, including monoclonal antibodies, and small molecule drugs were of increased interest to drug regulatory agencies and industry sponsors (Zhou and Davis [@b57]; Huang et al. [@b23]; Lee et al. [@b28]), and our collective thinking has continued to develop (Girish et al. [@b18]; Kraynov et al. [@b25]; Kenny et al. [@b24]). Focus has been on the downregulation of some cytochrome P450 (CYP) enzymes by proinflammatory cytokines such as interleukins (IL-1, IL-6, and IL-10) and tumor necrosis factor α (TNFα), as evidenced by lower CYP expression and activity in some inflammatory disease states (Morgan [@b34]; Morgan et al. [@b36]; Aitken et al. [@b3]; Morgan [@b35]). In theory, a therapeutic protein that neutralizes or reduces the action of an inflammatory cytokine could reverse suppression of (or normalize) CYP expression, leading to faster elimination of concomitant small molecule drugs that are substrates of the affected CYPs. At present, in vitro and preclinical systems appear limited in their abilities to accurately replicate or predict the in vivo effects of a cytokine-modulating therapeutic protein on CYP activities (Dickmann et al. [@b12]; Evers et al. [@b15]; Slatter et al. [@b43]). For this reason, carefully conducted clinical trials investigating these potential effects are critical to inform both our evolving understanding of risk and related regulatory guidance.

It is generally recognized that in humans, CYP3A4 is involved in the elimination of roughly 50% of drugs that undergo oxidative metabolism, and CYP3A4 is downregulated by IL-6 and TNFα (Abdel-Razzak et al. [@b1]; Parmentier et al. [@b40]; Aitken and Morgan [@b2]; Dickmann et al. [@b11]). It was recently demonstrated in subjects with rheumatoid arthritis that the administration of tocilizumab, a monoclonal antibody to IL-6, caused a significant (57%) decrease in area under the plasma concentration--time curve (AUC) of the CYP3A4 probe substrate simvastatin (Schmitt et al. [@b42]). This result confirmed the potential for a monoclonal antibody targeting a proinflammatory cytokine to alter CYP3A4 activity in humans via a drug--disease interaction. Consistent with these data, current draft US FDA guidance (Food and Drug Administration [@b17]) indicates that a clinical drug--drug interaction study should be performed for a therapeutic protein that is a cytokine modulator.

During the characterization of RANKL and its receptor RANK, it was determined that they shared roughly 20-30% sequence homology with various members of the TNF ligand and receptor families and were involved in T-lymphocyte and dendritic cell interactions; RANKL was thus classified as a cytokine (Anderson et al. [@b4]; Wong et al. [@b54]; Lacey et al. [@b27]). However, unlike proinflammatory cytokines such as IL-6 or TNFα, to our knowledge no studies have been performed demonstrating a role of RANKL in CYP expression. Importantly, based on mRNA levels, its receptor RANK does not appear to be expressed in human or mouse liver (Su et al. [@b46]), in contrast to receptors for proinflammatory cytokines that impact CYP3A4 expression through their activation on hepatocyte surfaces. Thus, it appeared there was low likelihood that RANK is involved in CYP regulation in the liver or that inhibition of RANKL would have direct effects on CYP expression.

Alternatively, it was possible that inhibition of RANKL could lead to secondary effects on CYPs by altering circulating levels of proinflammatory cytokines known to impact CYP expression. However, the lifelong inhibition of RANKL in rats and mice, via over-expression of the natural RANKL inhibitor osteoprotegerin, did not alter circulating levels of IL-1, IL-6, IL-10, or TNFα (Stolina et al. [@b44]), and the pharmacologic inhibition of RANKL did not have significant effects on circulating levels of TNFα or IL-1β in rodent models of arthritis (Stolina et al. [@b45]). Moreover, in a phase 2 study in subjects with rheumatoid arthritis (Cohen et al. [@b9]), denosumab treatment for 1 year at 60 or 180 mg every 6 months did not alter circulating levels of C-reactive protein (Amgen Inc., Thousand Oaks, CA; R. A. Newmark, unpubl. data), which is regulated primarily by IL-6 (Eklund [@b14]). These preclinical and clinical data indicated that denosumab does not markedly alter levels of circulating inflammatory cytokines and was thus unlikely to indirectly impact CYPs.

However, in the context of heightened awareness of the risk of therapeutic protein-induced drug interactions involving cytokines and CYPs (Schmitt et al. [@b42]), and the classification of RANKL as a cytokine (Anderson et al. [@b4]; Wong et al. [@b54]; Lacey et al. [@b27]), this study was conducted to evaluate the effects of a 60 mg SC dose of denosumab on the pharmacokinetics of the CYP3A4 probe substrate midazolam in postmenopausal women with osteoporosis, and was a postmarketing requirement in the US FDA approval of Prolia®.

In this study, inhibition of the cytokine RANKL by denosumab did not affect CYP3A4 in postmenopausal women with osteoporosis and thus will not alter the pharmacokinetics of drugs metabolized by this enzyme. The results of this study are an important addition to the growing body of preclinical and clinical data informing decision making on whether such clinical studies are needed.

Materials and Methods
=====================

Selection of study participants
-------------------------------

This study was conducted at two centers in the United States. Subjects could enroll if they were female, 45-75 years of age, and postmenopausal. Postmenopause was confirmed by no vaginal bleeding or spotting for at least 12 months, high follicle-stimulating hormone (≥ 50 mIU/mL), and low serum estradiol (≤ 20 pg/mL). Hormone tests were required in subjects less than 55 years of age, at the investigator\'s discretion in subjects 55--59 years of age, and not required in subjects ≥60 years of age. Subjects were also required to have osteoporosis, as confirmed by bone mineral density T-scores ≤--2.5 at the lumbar spine (L1--L4 or total evaluable vertebrae) or at the total hip.

Subjects were excluded if they had used any known CYP3A4 inhibitor within 14 days or five half-lives prior to study treatment, or had consumed grapefruit juice or grapefruit-containing products within 7 days prior to study treatment. Subjects were excluded if they had used any known CYP3A4 inducer or any herbal medicine with a known impact on CYP3A4 within 30 days or five half-lives prior to study treatment. Subjects were not permitted to enroll if they were currently using a prescribed medication for osteoporosis treatment or had used midazolam within 14 days prior to study treatment. Other key exclusion criteria were as follows: influenza or any other vaccination within 28 days of screening, previous exposure to denosumab, current hypocalcemia, any condition that could interfere significantly with hepatic metabolism or interpretation of study results, renal disease, Paget\'s disease of the bone, any unstable medical condition, or any clinically significant laboratory abnormality.

All subjects provided written informed consent to participate. The study was conducted in accordance with ethical principles of the International Conference on Harmonisation Good Clinical Practice Guidelines (ICH GCP) and the Helsinki Declaration of 1975 (as revised in 2008). An institutional review board approved the study at each center.

Study design
------------

In this parallel-group study, all study treatment was administered open-label without masking of subjects or investigators. Prior to the first dose of study treatment, subjects were randomly assigned in a 2:1 ratio to Group A (midazolam + denosumab) or Group B (midazolam alone) using a randomization schedule that the study sponsor had generated with permuted blocks. A pharmacist at each study center used the schedule to assign subjects to a treatment group and prepared all treatments accordingly.

The study design is summarized in Figure [1](#fig01){ref-type="fig"}. Day 1 was the day on which the first dose of midazolam was administered to the subject. Subjects in both groups received oral midazolam syrup 2 mg on day 1 and day 16, after at least a 10-h fast. Midazolam administration was followed with 8 ounces of noncarbonated water, and then an additional 1-h fast. Subjects in Group A also received a single SC dose of denosumab 60 mg on day 2, administered in the abdomen; subjects in Group B did not receive denosumab. Dose administration of midazolam (day 1 and day 16) and denosumab (day 2) was scheduled at approximately the same time of the day (±1 h). All subjects were required to take supplements daily containing ≥1000 mg of elemental calcium and ≥400 IU vitamin D.

![Study design and treatment schema. PK, pharmacokinetics; SC, subcutaneous.](prp20002-e00033-f1){#fig01}

Subjects in each group were followed up until day 47. Oral doses of midazolam on day 1 and day 16 were followed by blood sample collections for pharmacokinetics at 0.5, 1.0, 1.5, 2, 4, 8, 10, 12, and 24 h. After a 60 mg SC dose of denosumab, maximum concentration (*C*~max~) is observed at a median time (*T*~max~) of 10 days (range, 3-21 days), while maximal pharmacodynamic effects are observed by 1 week (Bekker et al. [@b5]). Thus, evaluating the pharmacokinetics of midazolam again on day 16 (2 weeks after administration of denosumab) was deemed appropriate, given that it was both close to *T*~max~ for denosumab and corresponded to a time ∼1 week after maximal pharmacodynamic effects of denosumab are attained.

Additional study assessments included denosumab concentration and serum C-telopeptide (sCTX) concentration on day 2 (predose), day 16 (predose), and day 17. Serum concentrations of denosumab were measured by a validated enzyme-linked immunosorbent assay at PPD (Richmond, VA), and the lower limit of quantification (LLOQ) was 20 ng/mL. Covance (Indianapolis, IN) was responsible for sCTX testing. The LLOQ of the sCTX assay used for this study was defined as 0.2 ng/mL. Plasma concentrations of midazolam (and diltiazem and diltiazem metabolites for one subject \[see results\]) were measured by validated liquid chromatography tandem mass spectrometry methods at PharmaNet (Quebec, QC). The LLOQ was 20 pg/mL for midazolam and 0.500 ng/mL for diltiazem, *N*-desmethyl diltiazem, and desacetyl diltiazem.

Safety was assessed by adverse event reports at any time and by clinical laboratory assessments at screening (21 days before study treatment) and at day 17. Efficacy assessments were not performed.

Statistical analysis
--------------------

The primary study endpoints were AUC from time 0 to t (AUC~0--t~), AUC from time 0 to infinity (AUC~0--inf~), and *C*~max~ for midazolam in Group A. Secondary study endpoints were additional midazolam pharmacokinetics parameters (*T*~max~, half-life \[t~1/2~\]) and serum denosumab and sCTX concentrations in Group A; as well as AUC~0--t~, AUC~0--inf~, and *C*~max~ for midazolam in Group B. All treated subjects were included in analyses of safety and baseline demographics. All treated subjects for whom pharmacokinetics parameters could be estimated were to be included in analyses of pharmacokinetics, but one subject in Group A used a prohibited medication during the study and was excluded from analyses of pharmacokinetics. Subjects were included in the pharmacodynamic analyses if they received denosumab and their pharmacodynamic parameters could be estimated.

Plasma midazolam concentration-time data were analyzed by noncompartmental methods using WinNonlin Enterprise v 5.1.1 (Pharsight Corporation, Mountain View, CA). *C*~max~ and *T*~max~ were identified by inspection of data. AUC~0-t~ was calculated by the linear trapezoidal (linear interpolation) method. AUC~t-inf~ was calculated by dividing the predicted concentration for the last measurable plasma concentration by the terminal rate constant (λ~z~). λ~z~ was estimated by linear regression of the terminal log-linear portion of the plasma concentration profile using at least the last three data points with decreasing concentrations. AUC~0-inf~ was calculated by summation of AUC~0-t~ and AUC~t-inf~.

The primary analysis was to determine the effect of denosumab on the pharmacokinetics of midazolam based on data from Group A. Log-transformed AUC~0--t~, AUC~0--inf~, and *C*~max~ were analyzed using a mixed effect model with treatment as the fixed effect and subject as the random effect. The 90% CIs for mean differences between day 16 and day 1 were calculated. Mean differences and 90% CIs were back-transformed to produce the ratio of geometric means and their associated 90% CIs. Absence of an interaction was concluded if estimates of 90% CIs for ratios of geometric means for midazolam plus denosumab versus midazolam alone fell within the range of 0.80--1.25.

Although the same assay was used for all denosumab studies, the sCTX LLOQ determined by the central laboratory used for this study was higher (0.2 ng/mL) than the LLOQ determined by other central or bioanalytical laboratories for the majority of previous denosumab studies (0.05 ng/mL). With the 0.2 ng/mL method, all sCTX values on days 16 and 17 would have been below the LLOQ. For this reason, the analysis in this study instead used sCTX values that were below 0.2 ng/mL, but above the limit of detection of 0.05 ng/mL to avoid bias in data imputation (e.g., assigning values below the LLOQ to 0.2 ng/mL).

Intrasubject standard deviations (SD) for midazolam AUC~0--inf~ and *C*~max~ were assumed to be ∼18--21% based on a prior study (Padhi et al. [@b39]). Thus, a sample size of 18 subjects in Group A was expected to provide 90% power to achieve the 90% CI for the geometric mean ratio of AUC~0--inf~, AUC~0--t~, and *C*~max~ for test/reference to be between 0.80 and 1.25, given the true ratio was 1. The sample size of nine subjects in Group B was based on practical considerations to allow for examination of a possible period effect on midazolam concentrations.

Results
=======

Subject disposition
-------------------

The study was conducted between December 2010 and July 2011. Thirty subjects were randomized to either Group A (midazolam + denosumab; *n* = 21) or Group B (midazolam alone; *n* = 9). Subjects in Group B were included to evaluate a potential period effect on midazolam pharmacokinetics. Of 30 subjects who were enrolled, 27 received study treatment (19 in Group A and 8 in Group B) and were evaluated for safety and baseline demographics. Four subjects discontinued: three subjects in Group A (two did not receive study treatment and one received study treatment but did not complete the study due to administrative reasons) and one subject in Group B (who did not receive treatment). Thus, 26 subjects completed the study (18 in Group A and 8 in Group B) and were evaluable for midazolam pharmacokinetics.

Baseline demographics
---------------------

Baseline demographics of the 27 subjects who received study treatment are presented in Table [1](#tbl1){ref-type="table"}. All subjects were female and postmenopausal, and most were white (23 subjects; 85%). Mean age of study participants was 64.4 years (SD, 6.16) in Group A and 66.3 years (SD, 5.34) in Group B. Ages ranged from 55 to 75 years overall and a majority of subjects (12 \[63.2%\] in Group A and 4 \[50.0%\] in Group B) were ≥65 years of age.

###### 

Baseline characteristics (safety population).

  Characteristic                            Group A (midazolam + denosumab[\*](#tf1-1){ref-type="table-fn"}) (*N* = 19)   Group B (Midazolam Alone[†](#tf1-2){ref-type="table-fn"}) (*N* = 8)
  ----------------------------------------- ----------------------------------------------------------------------------- ---------------------------------------------------------------------
  Gender, *n* (%)                                                                                                         
   Female                                   19 (100.0)                                                                    8 (100.0)
  Race, *n* (%)                                                                                                           
   White                                    17 (89.5)                                                                     6 (75.0)
   Black/African American                   1 (5.3)                                                                       1 (12.5)
   Asian                                    1 (5.3)                                                                       1 (12.5)
  Age (years)                                                                                                             
   Mean (SD)                                64.4 (6.16)                                                                   66.3 (5.34)
   Range                                    55--73                                                                        59--75
   ≥65 years, *n* (%)                       12 (63.2)                                                                     4 (50.0)
  Bone mineral density T-score, mean (SD)                                                                                 
   Total hip                                −2.07 (0.68)                                                                  −2.15 (0.65)
   Lumbar spine                             −2.96 (0.76)                                                                  −2.68 (0.92)

SD, standard deviation.

Midazolam 2 mg orally on day 1 and day 16, and denosumab 60 mg subcutaneously on day 2.

Midazolam 2 mg orally on day 1 and day 16.

Subject exclusion
-----------------

One subject in Group A was found to have an approximately fivefold higher midazolam AUC on day 16 (in the presence of denosumab) relative to day 1 (in the absence of denosumab). The investigator reported that this subject had been taking a stable dose of oral diltiazem (300 mg once daily) since 1999, but stopped taking the antihypertensive 14 days before receiving the first dose of midazolam. Diltiazem is a well-documented, moderate inhibitor of CYP3A4 and interactions with midazolam have been reported for which midazolam AUC increased approximately four- to fivefold (Zhang et al. [@b56]). Diltiazem and both its n-desmethyl and desacetyl metabolites were quantifiable in all plasma samples from this subject on day 16 but not on day 1, and observed plasma levels were consistent with published data for this diltiazem dose regimen (Chaudhary et al. [@b8]). Although the use of CYP3A4 inhibitors during the study period was proscribed, these findings clearly indicate that this subject restarted diltiazem treatment during the study and inhibition of CYP3A4 by diltiazem caused marked elevation of midazolam levels. This subject was excluded from pharmacokinetics analyses but included in all other analyses.

Midazolam pharmacokinetics
--------------------------

Mean plasma midazolam concentration--time profiles for Group A in the absence (day 1) and presence (day 16) of denosumab in postmenopausal women were essentially superimposable (Fig. [2](#fig02){ref-type="fig"}). Point estimates for the ratio of the least square means for AUC~0--t~, AUC~0--inf~, and *C*~max~ were 1.02, 1.02, and 1.04, respectively, and all 90% CIs were within the range of 0.80--1.25 (Table [2](#tbl2){ref-type="table"} and Fig. [3](#fig03){ref-type="fig"}), demonstrating that a single 60 mg SC dose of denosumab had no effect on the pharmacokinetics of midazolam in postmenopausal women with osteoporosis. Mean *T*~max~ was 0.5 h on both day 1 and day 16, and mean t~1/2~ on these days was 6.34 h and 6.69 h, respectively (Table [3](#tbl3){ref-type="table"}). Mean pharmacokinetics parameters for midazolam were similar between Group A and Group B (Table [3](#tbl3){ref-type="table"}).

###### 

Midazolam pharmacokinetics parameter estimates on day 1 and day 16 and ratio of day 16 to day 1 (pharmacokinetics population; Group A: midazolam + denosumab[\*](#tf2-1){ref-type="table-fn"}).

                          Day 16 (test) (*N* = 17[†](#tf2-2){ref-type="table-fn"})   Day 1 (reference) (*N* = 17[†](#tf2-2){ref-type="table-fn"})   Ratio of day 16/day 1   
  ----------------------- ---------------------------------------------------------- -------------------------------------------------------------- ----------------------- --------------
  AUC~0--t~ (ng·h/mL)     30.96                                                      30.45                                                          1.02                    (0.95, 1.09)
  AUC~0--inf~ (ng·h/mL)   32.80                                                      32.05                                                          1.02                    (0.96, 1.09)
  *C*~max~ (ng/mL)        11.08                                                      10.61                                                          1.04                    (0.93, 1.17)

AUC, area under the concentration-time curve; CI, confidence interval; *C*~max~, maximum concentration; LS mean, least squares geometric mean.

Midazolam 2 mg orally on day 1 and day 16, and denosumab 60 mg subcutaneously on day 2.

Of the 18 subjects who completed study treatment in Group A, 17 were included in pharmacokinetics parameter estimates and 1 was excluded because of prohibited medication use (diltiazem; see text).

###### 

Midazolam pharmacokinetics parameter estimates following midazolam 2 mg doses on day 1 and day 16.

       Group A (midazolam + denosumab[\*](#tf3-1){ref-type="table-fn"}) (*N* = 17[†](#tf3-2){ref-type="table-fn"})   Group B (midazolam alone[‡](#tf3-3){ref-type="table-fn"}) (*N* = 8)                                                                           
  ---- ------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------- ------------- ------------- ---------------- ------------ ------------- -------------
  1    0.5 (0.5--1.0)                                                                                                11.6 (5.1)                                                            35.6 (16.4)   6.34 (1.83)   0.5 (0.5--1.0)   11.3 (5.8)   31.0 (21.1)   6.20 (2.01)
  16   0.5 (0.5--1.0)                                                                                                12.0 (4.6)                                                            36.3 (16.3)   6.69 (1.67)   0.5 (0.5--1.0)   10.9 (3.7)   29.3 (18.9)   6.22 (2.83)

Data are reported as mean (standard deviation) except for *T*~max~, which is reported as median (range). *Note*: Study treatment in Group A was midazolam 2 mg orally on day 1 and day 16, and denosumab 60 mg subcutaneously on day 2. AUC, area under the concentration-time curve; *C*~max~, maximum concentration; t~1/2~, half-life; *T*~max~, time of *C*~max~.

Midazolam 2 mg orally on day 1 and day 16, and denosumab 60 mg subcutaneously on day 2.

Of the 18 subjects who completed study treatment in Group A, 17 were included in pharmacokinetics parameter estimates and 1 was excluded because of prohibited medication use (diltiazem; see text).

Midazolam 2 mg orally on day 1 and day 16.

![Mean (SD) Plasma midazolam concentration--time profiles following two midazolam oral doses (2 mg) in the absence (day 1) and presence (day 16) of denosumab in postmenopausal women (Group A; *n* = 17\*). \* Of the 18 subjects who completed study treatment in Group A, 17 were included in pharmacokinetics parameter estimates and 1 was excluded because of prohibited medication use (diltiazem; see text).](prp20002-e00033-f2){#fig02}

![Individual (Circles) and mean (Squares) *C*~max~ and AUC~0-inf~ ratios for midazolam in Groups A (midazolam + denosumab) and B (midazolam alone).](prp20002-e00033-f3){#fig03}

In Group B, no substantial period effect was observed; point estimates for the ratio of the least square means for both AUC~0--t~ and AUC~0--inf~ were 0.98, with 90% CIs within the range of 0.80--1.25, and the point estimate for the ratio of the least square means for *C*~max~ was 1.05, with 90% CI from 0.82 to 1.33 (Fig. [3](#fig03){ref-type="fig"}).

Denosumab exposures and pharmacodynamics
----------------------------------------

Mean (SD) denosumab concentration following a 60 mg SC dose on day 16 (14 days after denosumab administration) was 5790 (1800) ng/mL. The mean (SD) baseline concentration of sCTX on day 2 was 0.493 (0.296) ng/mL and the mean percent change from baseline on day 16 was --81.2% (Table [4](#tbl4){ref-type="table"}).

###### 

Percent change in sCTX from baseline to day 16 (pharmacodynamic population; Group A: midazolam + denosumab[\*](#tf4-1){ref-type="table-fn"})

                                                      Mean      SD      Minimum   Quartile 1   Median    Quartile 3   Maximum
  --------------------------------------------------- --------- ------- --------- ------------ --------- ------------ ---------
  \% Change in sCTX[†](#tf4-2){ref-type="table-fn"}   --81.22   16.33   --95.4    --91.45      --87.52   --80.01      --43.4

sCTX, serum C-telopeptide.

Midazolam 2 mg orally on day 1 and day 16, and denosumab 60 mg subcutaneously on day 2.

Including values below the lower limit of quantification (0.2 ng/mL) but above the limit of detection (0.05 ng/mL).

Safety
------

Of the 27 subjects who received treatment, 12 of 19 subjects (63%) in Group A and 3 of 8 subjects (38%) in Group B had at least one adverse event. Somnolence was the most frequently reported adverse event in both Groups A and B; in Group A, somnolence was reported in 7 of 19 subjects (37%) on day 1 (prior to administration of denosumab), in no subjects from days 2 to 15, and in 7 of 18 subjects (39%) on day 16 (after the second midazolam dose). In Group B, somnolence was reported in 2 of 8 subjects (25%) on day 1, in no subjects from days 2 to 15, and in no subjects on day 16. Other commonly reported adverse events (≥10%) were as follows: Group A -- headache (16%), nausea (16%), dizziness (11%), and injection site pain (11%); Group B -- constipation (13%), headache (13%), and dizziness (13%). No deaths, withdrawal due to adverse events, or serious adverse events were reported in this study. Changes in clinical laboratory values from baseline were unremarkable.

Discussion
==========

A single, SC dose of 60 mg denosumab had no effect on CYP3A4 activity in postmenopausal women with osteoporosis based on unaltered midazolam pharmacokinetics. No new safety findings were apparent, and there were no fatal adverse events, adverse events leading to study discontinuation, or serious adverse events. There appeared to be a higher incidence of adverse events overall in Group A than in Group B (e.g., incidences of somnolence on day 1 in Groups A and B were 37% and 25%, respectively), but this was potentially a chance finding due to small group sizes. For Group B, although the upper bound of the 90% CI for *C*~max~ (of 1.33) slightly exceeded 1.25, the 90% CI for both AUC measures were within 0.8--1.25. Thus, a lack of notable period effect is concluded. This suggests that a marked period effect did not confound the results for Group A.

In many subjects, *T*~max~ was at the time of the first post dose sample collection (0.5 h), and thus *C*~max~ potentially was not captured. However, all subjects in a recent study (Winter et al. [@b53]) with a 2 mg oral midazolam dose and sample collection at 0.25 h displayed *T*~max~ of 0.5 or 1 h and the mean *C*~max~ (11.9 ng/mL) reported was similar to those observed in the present work. It is, therefore, likely that *C*~max~ was adequately characterized in this study.

The C-terminal telopeptide of type I collagen in bone is a widely accepted bone turnover marker and higher levels in serum (sCTX) indicate higher levels of bone turnover. sCTX concentrations on day 16 in this study were, on average, ∼81% lower than those observed on day 2, indicating robust pharmacodynamic effects of denosumab at inhibiting RANKL and suppressing bone turnover in this study. Denosumab exposures and the level of pharmacodynamic effects in this study were comparable to those observed in previous denosumab studies in healthy subjects and postmenopausal women (Bekker et al. [@b5]; Eastell et al. [@b13]; Sutjandra et al. [@b47]).

Given the clear lack of effects of concomitant denosumab administration on CYP3A4 activity in this study, the results can be extrapolated to other CYP3A4 substrate drugs in this patient population. Over 90 cytokines have been identified to date (Tato and Cua [@b49],[@b50],[@b51],[@b52]); most are not proinflammatory and, to our knowledge, the majority has not been shown to influence CYP expression or activity in vitro, preclinically, or in humans. As noted in the Introduction, the current draft US FDA guidance (Food and Drug Administration [@b17]) indicates that a clinical drug--drug interaction study should be performed for any therapeutic protein that is a cytokine modulator. Results from this study with denosumab indicate that such broad recommendations may warrant further consideration. It may also be premature for such guidance to recommend clinical studies only for drugs targeting cytokines that have been demonstrated to affect CYPs. In vitro and preclinical systems are presently insufficient for demonstrating such effects, while for agents such as denosumab that are directed at novel targets, their very nature as novel agents would likely preclude the existence of clinical data demonstrating an effect (or lack of effect) on CYPs.

This study was conducted in postmenopausal women with osteoporosis, which is one of the patient populations for denosumab 60 mg every 6 months. Age and menopause do not affect CYP3A4 activity in women based on studies with midazolam (Gorski et al. [@b19]), triazolam (Greenblatt et al. [@b20]), or erythromycin (Harris et al. [@b22]), and osteoporosis does not appear to be associated with increased levels of proinflammatory cytokines (Özmen et al. [@b38]). Thus, available data suggest that in postmenopausal women with osteoporosis, CYP3A4 levels and activity do not differ markedly from healthy (younger) adults, which is the typical subject population for drug--drug interaction studies. In cases where CYPs are not different in the target population, there is no CYP suppression to normalize, and thus the magnitude of a potential drug interaction is likely small. The potential importance of this factor is illustrated by the tocilizumab study (Schmitt et al. [@b42]) and a recent drug--drug interaction assessment with tofacitinib (Gupta et al. [@b21]). The former study, as noted previously, illustrated a notable (∼57%) reduction in simvastatin AUC in the presence of IL-6 inhibition in subjects with rheumatoid arthritis. The latter investigation evaluated the effects of the disease-modifying antirheumatic Janus kinase inhibitor tofacitinib on CYP3A4 activity (midazolam pharmacokinetics) in healthy volunteers, demonstrating a lack of effects in this study population. However, in three phase 2 trials of tofacitinib in subjects with rheumatoid arthritis, the drug consistently caused 60--80% decreases in C-reactive protein across the numerous dose levels evaluated (Tanaka et al. [@b48]; Fleischmann et al. [@b16]; Kremer et al. [@b26]). These decreases are on par with those observed for tocilizumab, suggesting that a drug--drug interaction evaluation for tofacitinib in subjects with rheumatoid arthritis may yield different results than those observed in healthy adults. Moreover, because tofacitinib is a small molecule, the example suggests that current focus on therapeutic proteins as potential perpetrators of cytokine-related drug--disease interactions should be broadened and thus independent of drug modality, with focus instead on the magnitude of demonstrated disease-state effects on CYPs. The apparent increase in simvastatin exposures in rheumatoid arthritis, based on the level of "de-suppression" observed in the tocilizumab trial (Schmitt et al. [@b42]), suggests a disease-state effect of rheumatoid arthritis similar to roughly three- to fourfold increases in simvastatin exposure with diltiazem or grapefruit juice administration (Mousa et al. [@b37]; Lilja et al. [@b30]). Yet neither current US prescribing information for simvastatin (ZOCOR [@b58]) nor, to our knowledge, that for any CYP3A4 substrate, conveys this potentially important information.

When combined with information on the expression of RANK and RANKL and the lack of denosumab effects on C-reactive protein in humans, these results suggest that assessment of drug--drug interaction risk involving therapeutic proteins may be informed by: Expression of the target and related proteins in the liver, as relevant to potential direct effectsIn vitro and preclinical data, such as the lack of treatment effects on circulating inflammatory cytokinesLack of treatment-related effects on C-reactive protein levels in relevant patient populationsThe magnitude of demonstrated disease-state effects on CYP levels or activityThe magnitude of potential normalization of CYP activity in the context of inherent inter-subject variability in pharmacokinetics and the therapeutic window of the concomitant medication.

Despite current focus on therapeutic proteins as perpetrators of cytokine and CYP-related drug--drug interactions, equal focus should be placed on better characterizing disease-state effects on CYPs in disease populations and the impact of disease-modifying treatments, regardless of drug modality, on those effects.
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AUC

:   area under the plasma concentration-time curve

*C*~max~

:   maximum concentration

CYP

:   cytochrome P450

ICH GCP

:   International Conference on Harmonisation Good Clinical Practice Guidelines

IgG2

:   immunoglobulin G2

IL

:   interleukin

LLOQ

:   lower limit of quantification

SC

:   subcutaneous

sCTX

:   serum C-telopeptide

SD

:   standard deviation

t~1/2~

:   half-life

*T*~max~

:   time to maximum concentration

TNFα

:   tumor necrosis factor α

λ~z~

:   terminal rate constant

[^1]: **Funding Information:** This study was supported by Amgen Inc.
